Since the 1980s, the rapid, extensive, and dispersed urban expansion in the Pearl River Delta megalopolis (PRDM) has led to landscape fragmentation and the inefficient use of construction land. Like other developed regions in China that are subject to the dual challenges of shortages of construction land and deterioration of the ecological environment, it is becoming increasingly important in the PRDM to improve the land-use efficiency of urban construction. However, current methods for assessing land-use efficiency do not meet the emerging needs of land-use planning and policymaking. Therefore, using the American Defense Meteorological Satellite Program (DMSP)/Operational Linescan System (OLS) nighttime light imagery and Landsat TM data, this study aims to develop a timely and efficient approach to model the high-resolution economic efficiency of construction land (EECL). With this approach, we mapped the reliable EECL of the PRDM at township level and with a one-kilometer grid. Next, the study compared the temporal changes and revealed the spatial-temporal dynamics in order to provide a scientific reference for informed land-use planning and policymaking. The results show that since 1998, the economic efficiency of construction land in the PRDM increased in general but varied significantly throughout the area. Further, these disparities widened from 1998 to 2012 between the PRDM's inner and peripheral circles. Only one-fifth of the towns and subdistricts were categorized as fast-growth or ultrafast-growth, with the majority located in the most developed areas of the PRDM's inner circle. In order to improve the efficiency of construction land in the PRDM and realize sustainable development, differentiated land-use policies for the inner and peripheral circles were proposed. The inner circle should focus on promoting the efficiency of existing construction land and encourage urban renewal, while the peripheral circle should enhance the control of new construction land and improve its efficiency.
Introduction
Traditional economic growth has brought an amazing economic boom to China over the last 30 years [1] , but at the cost of the heavy consumption of land resources and a massive loss of natural habitat [2] , leading to low efficiency and fragmented construction [3, 4] . How to balance the economic development and ecological environment protection is still a huge challenge that many countries are meeting [5] [6] [7] [8] . Intensive and effective use of construction land has been proposed as the solution to these problems [9, 10] . In order to improve the efficiency of construction land and economic development, the Chinese government has implemented a series of land-use policies and strategies, such as market-oriented land-use reform, which aims to increase the price of industrial at county level and the modeling of further downscaling to township level and even to a one-kilometer grid; and (3) analysis of the spatial variations of the EECL in the PRDM and their evolution since 1998 in order to inform land-use policy proposals for the PRDM in the transition period. 
Materials and Methods

Study Area
The PRDM (see Figure 2 ), located in south China, is one of the most densely populated and rapidly urbanizing areas in the country. Since the launch of China's reform and opening-up policy in 1978, the PRDM has become one of the three fastest-growing economic regions of China. The PRDM's GDP increased at an astonishingly high annual rate of 18.6% from 1978 to 2012 and accounted for 8.4% of China's total GDP in 2012. Alongside such rapid economic and population growth, construction land in the PRDM has expanded dramatically during the last 20 years, from less than 3000 km 2 to approximately 8000 km 2 , to cover approximately one-fifth of the total land area. The PRDM is referred to as one of the densest networks of cities. It includes nine cities and 43 counties in Guangdong Province, ranging over a total area of 41,735 km 2 with a population of nearly 57 million. The nine cities are Guangzhou, Shenzhen, Zhuhai, Dongguan, Zhongshan, Foshan, Huizhou (excluding Longmen County), Jiangmen, and Zhaoqing (excluding the four counties of Guangning, Huaiji, Fengkai, and Deqing). The PRDM can be approximately divided into two economic subregions: the inner and peripheral circles. The former is the most densely populated and fastest-growing area in the PRDM, while the latter, in contrast, has experienced relatively gradual economic growth and lower population density. Since the 1980s, because of the low-priced and abundant land resources and a favorable location (adjacent to Hong Kong), the PRDM has attracted substantial foreign investment from developed countries and regions such as Hong Kong, Taiwan, the United States, and various countries in Europe. Such investment has driven rapid economic growth and decentralized urban sprawl [32] . Alongside the fast urban expansion, the absence of planning control in semi-urban areas (e.g., the urban fringes and urbanized villages) has led to massively inefficient use of the land called the "three olds" [33] . The "three olds" include three types of land: old town areas, old villages (urbanized villages), and old industrial areas. Urban construction in these areas has been characterized by a land-use pattern of low intensity and high density, along with poor quality urban and rural environments due to a lack of open and green spaces [3] . Because the proportion of construction land is already very high in the PRDM, the shortage of land resources has become the main obstacle to further economic development. The primary solution to this problem is greater land-use efficiency. Thus, the Guangdong government implemented the "three-old redevelopment" policy in 2008 and reduced urban land supply in order to catalyze the renewal of old urban areas and resolve the problem of the land-resource shortage 2.2. Remote-Sensing Images: Landsat TM and HJ-1A Satellite
In this study, Landsat TM images from 1998 and 2006 and HJ-1A satellite images from 2012 were used to reveal the PRDM's construction land. Because Landsat TM ceased in 2012, we used HJ-1A satellite images produced by China as substitutes. Both image types have the same spatial resolution of 30 m. The geometry of all the remote-sensing images was rectified before interpretation. We then employed an artificial visual interpretation method (AVIm) to extract the distribution of built land in the PRDM in 1998, 2006, and 2012. AVIm is a very efficient way to extract targeted spatial and semantic information because it mainly relies on the experience and knowledge of interpreters. Consequently, AVIm is still one of the most important methods for remotely sensed image interpretation [34] [35] [36] . We preprocessed all the remote-sensing images using ERDAS IMAGINE (version 9.1) software and finalized interpretation with the tool developed in ARC Macro Language based on ArcGIS Workstation (version 9.1) software. Next, we established 1000 random checkpoints (half were in construction land and half were in non-construction land) every three years to assess their overall classification accuracies and Kappa coefficients (see Table 1 ). All 1000 checkpoints were verified using high-resolution remote-sensing images and field surveys. As Table 1 shows, the classification accuracies are all higher than 90% and the Kappa coefficients are all greater than 0.9. The accuracy tests indicate that the interpretations are reliable; thus, we are able to use them for analysis. Figure 3 shows the fast expansion of construction land from 1998 to 2012. In 1998, the total area of construction land is 1765 km 2 , while in 2012, the area has increased to 7018 km 2 . Most of the new construction land is located in the inner circle, especially in Foshan, Guangzhou, Dongguan, and Shenzhen. 
DMSP-OLS Nighttime Light Imagery
The nighttime light imagery used in this study was derived from Version 4 of the DMSP-OLS Nighttime Lights Time Series (V4DNLTS), which was produced by the NGDC, headed by the NOAA. We downloaded the data set from the NGDC website [37] . V4DNLTS has three product types: cloud-free coverage, raw average light data (without further filtering), and nighttime stable lights (NSL). All of these were processed to remove the effects from sunlight, glare, moonlight, clouds, and auroras [38] . We used the NSL data in this study because they are annual composites of all available archived smooth resolution data for the appropriate years, which meant that background noise (ephemeral events such as fires) was removed and that the data only contained persistent light such as light from cities and towns. The background noise was replaced with zero values. The images were 30 arc second grids with data values ranging from 1 to 63. In all of the NSL images, the data value of each pixel represented the light's brightness.
The NSL imagery for 1998, 2006, and 2012 were obtained from different sensors, none of which had on-board calibration [39, 40] ; consequently, differences between the sensors, differences in the crossing times between satellites, and the degradation of sensors caused discrepancies and fluctuations in the data values of the different sensors and years [38] [39] [40] [41] . Thus, the NSL imagery could not be used directly before correction [24, 40] . First, we extracted the imagery based on the extent of the PRDM; then, we used the methods developed by Liu et al. [42] to correct the extracted images. Liu et al.'s methods included three steps: (1) intercalibration to improve comparability; (2) intra-annual composition for further denoising; and (3) interannual series correction to make the images from different years more comparable. The modified NSL images from the PRDM are shown in Figure 4 . Because all NSL imagery after 2010 was obtained from only one sensor, the NSL imagery in 2012 was processed without intra-annual composition. 
NAGDP
In this study, the NAGDPs of all 43 counties over three years were sourced from the corresponding statistical yearbooks of Guangdong Province and the nine cities. Because of the adjustment of administrative divisions after 2000 in Guangzhou and Zhuhai and the lack of county-level GDP for Shenzhen and Jiangmen (urban districts), there were only 33 county units in 1998. NAGDP data at township level were sourced from the statistical yearbooks or bulletins of the counties. Because all counties did not publish their towns' NAGDPs, in 2012 the data of only 120 towns from 524 were acquired. In order to mitigate the influence of inflation on GDPs, all statistical NAGDPs were converted to 2010 constant prices with GDP deflectors.
RAD-NAGDP Regression Model at County Level
RAD is the product of construction land and the corresponding data values in terms of nighttime light imagery. First, we converted the calibrated raster of nighttime light imagery into polygons. We then used the polygons for construction land in 1998, 2006, and 2012 to clip the polygons of nighttime light. Following this, we calculated each polygon's product of construction land and data values of nighttime light. Last, we added the total products in each county as their own RADs. According to a prior study [30, [43] [44] [45] , there is a linear regression relationship between RAD and economic activity; thus, we developed linear RAD-NAGDP regression models for 1998, 2006, and 2012 respectively by using the statistical GDP and RAD for each PRDM county as follows:
where GDP s na is the statistical NAGDP in a county and K i and a i are the parameters determined by the regression analysis of the sample data. After the values of K i and a i were derived, we used Equation (1) to estimate county-level NAGDP.
Equations (2)- (4) are the regression models for the estimations of county-level NAGDP in 1998, 2006, and 2012 respectively. The R-squared values of the three models were larger than 0.8, indicating the strong positive correlations between RAD and NAGDP at county level. The three equations' intercepts were zero; thus, they would not estimate negative NAGDP values [43] . The coefficient (K i ) in the equations increased from 1998 to 2012, revealing that NAGDP grew faster than RAD. GDP
NAGDP Estimations at Township and 1 km Levels
Based on the assumption that the relationships at county level are still valid at a smaller scale, we estimated the NAGDPs at township level and 1 km resolution. Further, we were able to calibrate the estimations based on the statistical NAGDP of each county in order to produce more accurate GDP maps at township level and 1 km resolution. The equation for this calibration is as follows: In accordance with the RAD-NAGDP empirical equations for the PRDM (Equations (2)- (4), the intercept in Equation (1) is zero. Then, by substituting Equation (1) into Equation (5), we obtained Equation (6) as follows:
where RAD i is the RAD of town i or pixel i and RAD all is the RAD of the county that contains town i or pixel i (1 km). Equation (6) clearly indicates that the NAGDP of town i or pixel i (1 km) equals the product of its share of RAD from the county's total RAD and NAGDP. The spatialization of NAGDP in this study is actually the allocation of NAGDP in accordance with the proportion of RAD (the shift-share method). We then used Equation (6) to calculate the GDP of each town and each 1 km grid of construction land over three years.
It is important to note that the relationships at county level may become invalid at a finer scale; thus, the finer-scale relationship should be validated. In this study, we undertook the validation by using the statistical NAGDPs of 120 towns in 2012 (see Figure 5A) . We calculated the R-squared and mean relative error (MRE) in order to score the accuracy of the estimation at township level.
The results of the validation indicate that the relative errors of 77% of the 120 samples were less than 35% and the MRE was 24.17%. Further, the slope of the linear fitting equation (with an intercept of zero) between the estimated NAGDP and statistical NAGDP is close to 1 (see Figure 5B) , indicating that the spatialization results reflect the actual distribution of NAGDP at township level in the PRDM. As a result, we can use the results of spatialization for further analysis. 
Estimation of the EECL
We calculated the EECL at township level and 1 km resolution, with a rectified estimation of NAGDP, in accordance with Equation (7) as follows:
where E i is the EECL of town i or pixel i and A i is the construction land of town i or pixel i.
Slope Value
The slope of the linear regression model can reveal the variables' spatial-temporal dynamics (the trends and speeds) [38] . We used Equation (8) to calculate the slope values of the regression models of construction land, NAGDP, and the EECL for each town from 1998 to 2012.
where n is the total number of years, t i is year i, and E i is the EECL of year i. Using the slope value, we determined the increasing type of construction land, NAGDP, and EECL for a town. The classifications of the growth types are presented in Table 2 . Table 2 . Classification criteria of growth types based on slope value.
Slow-Growing
Medium-Growing Fast-Growing Ultrafast-Growing slope value
Notes: C i is mean construction land, estimated NAGDP, and the EECL of town i over three years. S i is the standard deviation of town i over three years.
Results
Spatial and Temporal Dynamics of the EECL
In most PRDM towns, the EECL increases rapidly from 1998 to 2012, especially in the inner circle of the PRDM (see Figure 6 ). The EECL of 90 towns exceeds 60,000 million yuan per km 2 in 2012, whereas the number of towns in 1998 is only two. Moreover, in 1998, areas with high EECL values are mainly distributed in Shenzhen and then expand to the urban centers of Guangzhou, Foshan, Dongguan, and Zhuhai. Indeed, the EECL tends to decrease from the center outward. In 2012, the EECL of most areas in the inner circle has increased to more than 30,000 million yuan per km 2 . However, in the peripheral circle, except for northwestern PRDM, more than 50% of the EECL values for towns are less than 10,000 yuan per km 2 . We can obtain more information about urban expansion from three one-kilometer resolution maps than traditional maps because the former show not only the expansion patterns of construction land but also the economic efficiency of built land. From 1998 to 2006, the PRDM's newly expanded built land is mainly distributed in the suburbs of the inner circle cities and tends to spread along the major roads [46] . Meanwhile, the EECL has increased very quickly in downtown areas; further, the gaps in the EECL between downtown areas and suburbs has widened. From 2006 to 2012, the expansion of developed land slows significantly, especially in the inner circle as a result of the PRDM's slow economic growth and the transfer of labor-intensive industries from the PRDM to the developing areas of Guangdong Province. Infilling has become an important type of urban expansion during this period. The highest NAGDP areas (red pixels) have expanded in Guangzhou, Shenzhen, Foshan, and Zhuhai.
Scatter plots of the EECL (see Figure 7) further indicate that the uptrend of these values in the PRDM are very obvious from 1998 to 2012. In 1998, 92% of the EECL values in towns are less than 3000 million yuan per km 2 . Then, the percentage decreases to 76% in 2006 and 52% in 2012. The highest EECL value decreases surprisingly from 95,848 million yuan per km 2 in 1998 to 72,8061 million yuan per km 2 in 2012. Meanwhile, the medium EECL value for all the towns increases from one million yuan per km 2 to 27,548 million yuan per km 2 . 
Contrast between the Inner and Peripheral Circles
The PRDM's inner circle accounts for 29% of the total land area and more than 70% of the NAGDP. Table 3 shows that in 1998, 75% of the total NAGDP is produced in the inner circle; then, this percentage increases to 89% in 2006 and falls slightly to 85% in 2012. Other than the centralized trend in the NAGDP, the percentage of construction land in the inner circle declines from 75% in 1998 to 67% in 2012. The peripheral circle of the PRDM has become a region of rapid urban expansion. As the percentage of the inner circle's NAGDP increases with the decrease in the percentage of construction land, the gap in the EECL between the inner and peripheral circles broadens distinctly. In 1998, the inner and peripheral circles have almost the same EECL values. The low EECL value in the inner circle in 1998 is very likely related to the massive expansion and inefficient utilization of construction land in Dongguan City. Afterward, the EECL value in the inner circle increases dramatically because of the inner circle's industrial restructuring. Indeed, the EECL value in the inner circle increases almost fourfold from 1998 to 2012, whereas the EECL value in the peripheral circle increases by only 1.4 times during the same period. 
Discussion
Types of Economic Growth
The relationship between regional GDP growth and increases in construction land is not constant at different development stages. Usually, in the early stage of industrialization, the increase of construction land contributes significantly to economic growth. However, together with economic growth, the contribution to such growth by land will gradually decline. Hence, by comparing construction land, NAGDP, and EECL growth types, we can learn the different impacts of urban expansion on economic growth in different regions. We calculated each town's slope values for construction land, NAGDP, and EECL from 1998 to 2012 and then classified all the towns into four growth-based groups based on the criteria shown in Table 2 . With regard to construction land, 25% of the towns are fast-growth or ultrafast-growth types (see Figure 8) ; however, the distribution is opposite to the EECL because the towns are mainly distributed in the PRDM's peripheral circle. Most towns in the inner circle experience slow increases in construction land. With regard to NAGDP, 66% of the PRDM's towns are fast-growth or ultrafast-growth types, indicating the fast development of the PRDM's economy during the study period. With regard to the EECL, 58% of the towns are the slow-growth type; 22% are the medium-growth type; and only 20% are the fast-growth or ultrafast-growth type, with the majority of the latter located in the most developed areas of the PRDM's inner circle and the developing areas on the PRDM's periphery. In Figure 9A , we further classify the towns that belong to fast-growth or ultrafast-growth types of EECL by their types of construction land growth. The first type is "value promotion". This indicates the increase in the EECL that is attributed to the fast growth of NAGDP on existing construction land [14, 47] . Most of these towns are urban city centers (see Figure 9B) , which are areas characterized by a scarcity of land resources for urban expansion. The second type is "area expansion", which means that the fast increase in the EECL is mainly attributed to the rapid increase in construction land. These towns are mainly distributed in the peripheral circle, where there are abundant land resources. 
Policy Implications
The PRDM's NAGDP increased rapidly from 1998 to 2012. The PRDM's EECL also exhibited a rising trend, although this was not as significant as the NAGDP increase. This finding implies that the NAGDP's rapid growth in the PRDM was driven, to some extent, by the high input of land resources. The spatial differentiation of the EECL was obvious in 1998, 2006, and 2012. The EECL declined from the center to the periphery, a characteristic that became more marked over time. Economic activity and construction land were highly clustered in the inner circle; moreover, the EECL was much higher there than in the peripheral circle. With regard to the EECL, the recent increase in built land should be organized in the inner circle in order to meet the goal of pursuing greater economic benefits. However, the overuse of land resources in the inner circle has resulted in a land resource shortage, a problem that has created a bottleneck for further economic and social development. The proportion of the inner circle that has been built upon reached 40% in 2012; further, most of the remaining land is mountain woodland, rivers, reservoirs and high-quality farmland all of which should not be developed. The environmental carrying capacity should also be considered in the context of construction land allocation because prosperous high-density cities in China have nearly exhausted such capacity [48] . The massive and disordered expansion of urban land has caused cultivated land and natural habitat in the inner circle to decrease quickly, thereby undermining sustainability and eventually resulting in an ecological problem of landscape fragmentation and ecosystem service function decline [3] . There are now very few available spaces for urban expansion in the inner circle. Thus, it is necessary to control urban expansion and protect pivotal ecological land in the PRDM because this is the only way to realize sustainable development.
Since urban expansion is constrained by land resources and the natural environment, the "three-old" developed land, with its low EECL values, could be the main spaces for urban economic growth [49] . According to the Department of Land and Resources of Guangdong Province, there were approximately 1450 km 2 of "three-old" land in the PRDM in 2010, accounting for 18% of the total construction land. Figure 10 shows that of this "three-old" land, three-quarters are located in the inner circle. Such a vast amount of "three-old" land hinders the advance of the EECL. For example, Guangzhou and Shenzhen are the PRDM's most developed cities. In Guangzhou, 36% of the built land belongs to "three-old" land, whereas the figure in Shenzhen is only 21%. This high proportion of low-efficiency "three-old" land in Guangzhou has led to a relatively lower EECL than that of Shenzhen. The "three-old redevelopment" policy launched in 2008 has facilitated industry transformation and upgrading in the inner circle; moreover, the policy has contributed to the fast EECL growth to some extent (e.g., in downtown Guangzhou, Shenzhen, and Dongguan). The renewal of inefficient developed land and urban consolidation are still critical approaches in the inner circle to upgrade industries and improve the EECL in the future. From 1998 to 2012, the increase in construction land in the peripheral circle accelerated without corresponding rapid economic growth; thus, the EECL of the peripheral circle lagged behind that of the inner circle. The land-use intensity of the peripheral circle was only 10% in 2012; consequently, the PRDM's main urban expansion will occur in the peripheral circle in the near future. According to the Master Planning of Land Use in Guangdong Province (2006-2020), 70% of the land quotas for new construction were allocated to the Huizhou, Zhaoqing, and Jiangmen peripheral circles. The land-use policy for the peripheral circle should thus focus on how to achieve the intensive use of newly expanded developed land. The methods could include raising the access threshold of industrial land, constructing intensive industrial parks, and constructing compact structures. By these means, inefficient or low-efficiency urban expansion, such as "three-old" land that was previously built upon in the inner circle, can be avoided. The Chinese Department of Land Management has established a "land development monitoring system" to monitor land-use change and penalize illegal urban sprawl [50] . Under this new strategy of ecological civilization construction for sustainable development, simply monitoring physical expansion is far from enough; dynamic land-use intensity should be included in the monitoring system. Accordingly, land-use policies should be based on land-use intensity and efficiency in order to help optimal land-resource allocation. This study develops a method of EECL estimation at a high resolution for timely and elaborate monitoring, whereby the local Bureau of Land Management can dynamically and reasonably adjust new development quotas.
Future Works
This study explores the spatial-temporal dynamics of the EECL in the PRDM and their evolution since 1998 in order to propose informed land-use policy. Due to lack of data, we do not specifically discuss the dynamic mechanism of the spatial difference of EECL. However, it is a matter of great concern to us to understand why the difference between the inner and peripheral circles. In future works, we will further study the influence factors and their mechanism of the expansion of construction land, to explore the root causes of the difference among PRDM. These influence factors, including natural ecological zones, geographical location, the mode of economic development, the land use planning and governance policy, will exert a fundamental impact on the speed, efficiency and mode of land expansion.
Conclusions
In this study, a prompt and efficient method for mapping EECL was proposed. This method can be used to facilitate urban land-use planning. We first derived a strong positive RAD-NAGDP relationship at county level in the PRDM for 1998, 2006, and 2012 based on statistical NAGDP, DMSP/OLS nighttime light imagery, and Landsat TM data. We then successfully extrapolated this relationship to township level to map the NAGDP and EECL with an MRE of 24.17%. Although the PRDM's EECL exhibited a general uptrend from 1998 to 2012, only a quarter of the towns belonged to fast-growth and ultrafast-growth types. The rapid expansion of construction land with relatively slow increases of the EECL has led to a shortage of land resources in the PRDM and ecological problems, especially in the inner circle. In order to cope with such difficulties, we suggested that land-use policymaking should be based on efficient land-use distribution and development. Thus, the land-use policy for the PRDM's inner circle should focus on the reuse of low-efficiency developed land ("three-old" land); further, the land-use policy in the peripheral circle should focus on efforts to control the expansion of inefficient developed land.
